This experiment was conducted with 144 male Arbor Acre broilers (one d old, weighing 45.6 ± 1.3 g) to determine protective effects of Forsythia suspensa extract (FSE) against breast muscle oxidative injury induced by transport stress (TS). The birds were randomly allotted to one of 4 treatments in a 2 × 2 factorial arrangement. The treatments consisted of broilers fed diets supplemented without or with FSE (100 mg/kg) and challenged without or with TS for 3 h before slaughter. Transport stress increased live BW loss of broilers (P < 0.05), and the adverse effect was attenuated by FSE (P < 0.05). Serum levels of corticoserone and lactate were increased for broilers after transportation (P < 0.05), whereas these parameters were not affected by FSE. After slaughter, neither breast muscle pH value at 45 min and 24 h postmortem nor 24 h drip loss value was influenced by TS or FSE, whereas TS increased the value of pH decline within 24 h postmortem (P < 0.05). Transportation decreased redness and increased yellowness value of breast muscle in broilers (P < 0.05), and FSE tended to have (P = 0.06) or had the converse changes (P < 0.05). Comparing with non-transported birds, the birds subjected to transportation had greater malondialdehyde (MDA) content and avUCP mRNA expression (P < 0.05) and lower 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activity (P < 0.05) in breast muscle, whereas the birds supplemented with FSE had lower MDA content (P < 0.05) and greater DPPH radical scavenging activity (P < 0.05). Transport caused decreases (P < 0.05) in total antioxidant capacity and glutathione peroxidase activity, and the decreases were improved by FSE (P < 0.05). Collectively, live BW loss and breast muscle oxidative injury were increased by TS in broilers and could be attenuated by FSE via directly scavenging free radicals and increased antioxidant capacity. Therefore, FSE could protect broilers against breast muscle oxidative injury induced by TS.
INTRODUCTION
Transportation, an unavoidable common practice, has always been considered as one of the main causes of stress for farm animals (Grandin, 1997; Lèche et al., 2013; Zou et al., 2016) , which could increase the risk of reduced welfare for animals (Pérez et al., 2002; Perai et al., 2014 Perai et al., , 2015 and economic losses related to carcass damage (Gosalvez et al., 2006; Velarde and Dalmau, 2012) , inferior meat quality (Dadgar et al., 2010; Yue et al., 2010; Schwartzkopf-Genswein et al., 2012) , and even mortality (Warriss et al., 2005; Marahrens et al., 2011; Xing et al., 2015) . During transportation, reactive oxygen species (ROS) level dramatically increases and culminates, resulting in oxidative stress owing to the imbalance between production and safe disposal (Archile-Contreras and Purslow, 2011) . Oxidation by free radicals is the primary mechanism for qual-ity deterioration in foods, especially in meat products (Kanner, 1994) . It causes undesirable changes in flavor, color, texture, and nutritive value, and even may induce the production of toxic compounds in meat (Gray et al., 1996) , reducing consumers' acceptability (Zou et al., 2016) . Therefore, oxidative status of poultry at the time of transport and slaughter is critical for meat quality (Jensen et al., 1998) .
Currently, there is a growing interest among scientists and producers to explore effective ways to reduce the stress response and improve meat quality of transported broilers Wang et al., 2015) . Forsythia suspensa extract (FSE) is a famous traditional Chinese medicine (Piao et al., , 2009 ) that has been shown to be antiviral (Lawa et al. 2017) , antibacterial (Han et al. 2012) , antiallergenic (Hao et al. 2010) , and anti-inflammatory (Pan et al. 2014) . Moreover, FSE is always used as a natural source of antioxidants (Matkowski et al. 2013) . Recently, in our laboratory, FSE has been proved to effectively attenuate oxidative stress in broilers induced by high temperature (Wang et al. 2008) , high stocking density (Zhang et al. 2013 ), or corticosterone (Zeng et al. 2014) , in rats induced by diquat (Lu et al. 2010) or lipopolysaccharide (Zhao et al., 2017a) , and in pigs induced by soybean β-conglycinin (Hao et al., 2010) or weaning (Han et al., 2012; Zhao et al., 2017b) .
Based on the antioxidant activity of FSE, we hypothesized that oxidative stress induced by transport stress (TS) in broilers could be attenuated, partly or completely, by FSE supplementation. Therefore, the purpose of this study was to investigate the underlying potentiality of FSE in protecting broilers against live BW loss and breast muscle oxidative injury induced by TS.
MATERIALS AND METHODS

Preparation and Composition of FSE
Forsythia suspensa extract is derived from a climbing plant widely distributed in China. The dried fruits of Forsythia suspensa were purchased from Tong Ren Tang Company (Beijing, China), and FSE was prepared using the methods described by Wang et al. (2008) . The 4 major active antioxidant constituents isolated from FSE have been identified as phillygenin (33.4 mg/kg), phillyrin (163.4 mg/kg), forsythialan A (82.6 mg/kg), and forsythoside A (33.0 mg/kg) by Lu et al. (2010) in our laboratory.
Experimental Birds
The experimental protocols used in the experiment were approved by the Institutional Animal Care and Use Committee of China Agricultural University (Beijing, China). A total of 144 one-day-old male Arbor Acre broiler chickens (weighing 45.6 ± 1.3 g) was purchased from Arbor Acres Poultry Breeding Company (Beijing, China). All birds were raised in wire-floored cages in an environmentally controlled room with continuous light and had ad libitum access to feed and water. The ambient temperature was maintained at 33
• C at the start of the experiment and decreased as the birds progressed in age to ensure a final temperature of 24
• C at 35 d and thereafter. All birds were inoculated with inactivated infectious bursa disease vaccine on d 14 and 21 and Newcastle disease vaccine on d 7 and 28. The trial was conducted in 2 phases, consisting of a starter phase from d 1 to 21 and a finisher phase from d 22 to 42.
Experimental Design and Diets
The broiler chickens were randomly allotted to one of 4 treatments in a 2 × 2 factorial arrangement. The treatments consisted of birds fed diets supplemented without or with FSE (100 mg/kg) and challenged without or with TS for 3 h before slaughter. Six cages per treatment were used, with 6 birds per cage. From d 1 to 42, 12 cages of birds received diets containing FSE, whereas 12 cages did not. The supplementation level of FSE was based on previous work from our laboratory (Zhang et al., 2013; Zeng et al., 2014) . On the morning of d 42, after an 8-hour fast, half of the birds in each dietary treatment were subjected to TS. Six birds from the same replicate were placed into one crate (0.9 m × 0.6 m × 0.4 m), and all 12 crates were placed randomly in the same truck. The transportation was from 0700 to 1000 h, with an average speed of 60 km/h. No feed or water was supplied during the transport Wang et al., 2015) , and at the same time, the non-transported birds also were not offered feed or water. The average inside temperature and relative humidity of the truck during the transportation period were 27.3 ± 1.5
• C and 72 ± 3%, respectively. All diets were fed in mash form and were based on corn-soybean meal (Table 1 ). All essential nutrients provided in diets met or slightly exceeded NRC recommendations (NRC, 1994) .
Sample Collection and Sample Processing Procedure
Before and after transport, all of the birds were weighted to calculate live BW loss. After arrival, 2 birds close to the average BW were selected per replicate (crate/cage) and slaughtered via exsanguination of the left jugular artery. Blood was collected (5 mL) by cardiac puncture into a 10-mL anticoagulant-free Vacutainer tube (Greiner Bio-One GmbH, Kremsmunster, Austria) and then centrifuged at 3,000 × g for 10 min at 4
• C to obtain serum. The serum samples were stored at −20
• C until analysis. Immediately after death, samples (about 5.0 g) from the left pectoralis major muscle were collected within 15 min and quickly placed in RNAase-free tubes, frozen in liquid nitrogen, then stored at −80
• C for the measurement of lipid peroxidation, anti-oxidative enzyme activity, 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activity, and the relative mRNA expression of avian uncoupling protein (avUCP). The right side breast muscle was taken to measure meat quality traits.
Serum Metabolite Analysis
Serum concentrations of glucose, uric acid, and nonesterified fatty acids (NEFA) were measured using an Automated Biochemistry Analyzer (Hitachi 902 Automatic Analyzer, Hitachi, Tokyo, Japan) using colorimetric methods and following the instructions of the manufacturer of the corresponding reagent kit (Zhongsheng Biochemical Co., Ltd., Beijing, China). Lactate concentrations in serum were measured using BioSystems kits and associated procedures (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Corticosterone concentration was assessed with a commercial enzyme immunoassay kit (Cusabio Biotech. Co., Ltd., Wuhan, Hubei, China) according to the manufacturers' instructions.
Meat Quality Measurement
Meat color, including lightness (L * ), redness (a * ), and yellowness (b * ) values, was measured from 3 orientations (middle, medial, and lateral) using a Chromameter (CR-410, Konica Minota, Tokyo, Japan). The pH values at 45 min and 24 h postmortem also were measured at 3 locations using a glass penetration pH electrode (pH-star, Matthaus, Germany). The value of pH decline within 24 h postmortem (ΔpH) was calculated as ΔpH = pH 45 min − pH 24 h (Zhang et al., 2009) . Each sample was measured 3 times, and the average value was taken as the final result.
Drip loss for 24 h was measured using the plastic bag method as described previously (Straadt et al., 2007) . Briefly, 30 g of regular-shaped muscle, cut from the same location in the right breast, was weighed and placed in a nitrogen filled container to avoid evaporation and oxidation. After 24 h at 4
• C, surface moisture of the muscle was cleaned using filter paper and reweighed. The drip loss was calculated as a percentage: [(initial weight-final weight)/initial weight] × 100.
Lipid Peroxidation and Anti-Oxidative Activity
Before analysis, tissues were minced and homogenized (10% w/v) in ice-cold sodium, potassium phosphate buffer (0.01 M, pH 7.4) containing 0.86% NaCl (Lu et al., 2010) . The homogenate was centrifuged at 3,000 × g for 10 min at 4
• C, and the resultant supernatant was used for the determination of antioxidant activity. Protein concentration was determined using a Pierce BCA protein assay kit (Pierce Biotechnology, Rockford, IL) and was expressed as mg/mL. The thiobarbituric acid-reactive substances assay is a measurement of lipid peroxidation and was measured and expressed as malondialdehyde (MDA) concentrations with a colorimetric diagnostic kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The results were expressed as nmol of MDA per mg of protein.
The activities of muscle total-antioxidant capacity (T-AOC), superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) were determined with commercially available kits (Nanjing Jiancheng Bioengineering Institute) per the manufacturer's instructions.
Antioxidant Potential
Antioxidant potential was determined by DPPH radical-scavenging activity as described previously (Lu et al., 2010; Qwele et al., 2013) . The DPPH was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). A volume of 1 mL of 0.2 mM DPPH prepared in methanol was added to 200 μL supernatant and 800 μL distilled water. The mixture was vortexed and left to stand at room temperature (20 to 22
• C) for 30 minutes. A tube containing 1 mL of methanol and 1 mL of DPPH solution was used as control, whereas methanol alone was used as a blank. The absorbance of the solution was measured at 517 nm using a spectrophotometer (SPECTRAmax 340 PC, Molecular Devices, Sunny Vale, CA). The scavenging activity of meat sample against DPPH radical was expressed as percent of control and calculated as: inhibition rate of DPPH (%) = [1-(absorbance of sample/absorbance of control)] × 100.
Analysis of Relative mRNA Expression of avUCP by Real-Time PCR
Total RNA from muscle samples was extracted using the RNAiso Plus (TaKaRa Biotechnology Co. Ltd., Dalian, China). The purity of total RNA was evaluated according to OD260/OD280 ratio using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). The integrity of total RNA was checked through the 28S and 18S bands in 1.5% agarose gels stained with ethidium bromide. Then, reverse transcription and real-time PCR were Zhang et al. (2010) and Wang et al. (2015) . conducted using PrimeScript TM RT Master Mix and SYBR Premix Ex Taq (TaKaRa Biotechnology Co. Ltd., Dalian, China), respectively. Reverse transcription PCR was set as follows: 50
• C for 50 min followed by 1 cycle at 70
• C for 15 min and then 4 • C for 2 minutes. The cDNA templates were obtained for PCR amplification. Agarose gel electrophoresis with ethidium bromide staining was used to check the purity of the PCR products. The real-time PCR was performed using an ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA) with a reaction system according to the instructions of the kits. According to Zhang et al. (2010) and Wang et al. (2015) , the primers used in the system are shown in Table 2 , and the primer concentrations were optimized before actual runs. The reaction protocol consisted of one cycle at 95
• C for 30 s, 40 cycles at 95
• C for 5 s, and 60
• C for 30 seconds. All samples were run in triplicate, and the relative mRNA expression of avUCP was calculated using 2 −ΔΔCt method (Livak and Schmittgen, 2001 ).
Statistical Analysis
All data were analyzed as a 2 × 2 factorial design using the GLM procedure of SAS (SAS Institute Inc., Cary, NC). The cage/crate was the experimental unit for BW loss, and 2 selected birds from the same cage/crate were the experimental unit for other parameters. The main effects included FSE, TS, and their interaction. Least squares means were derived for all treatments and compared using the PDIFF (Adjust Tukey) and STDERR options of SAS. Results were expressed as least squares means and SEM. Probability values no more than 0.05 were used as the criterion for statistical significance and less than 0.10 as the trend to significance.
RESULTS
BW Loss and Serum Metabolites
There was significant interaction (P = 0.05) between FSE and TS in live BW loss (Figure 1) . TS increased live BW loss of broilers (P < 0.05), and the adverse effect was attenuated by FSE for broilers subjected to TS (P < 0.05).
No significant interactions were noted between FSE and TS for serum metabolites (Table 3) . Serum levels of corticoserone and lactate were increased for broilers after transportation (P < 0.05), whereas these parameters were not affected by FSE supplementation. There was no difference in serum levels of uric acid, glucose, or NEFA among treatments.
Meat Quality
Breast muscle pH value at 45 min or 24 h postmortem and 24 h drip loss value were not influenced by TS or FSE supplementation (Table 4) , whereas ΔpH was increased by TS (P < 0.05). Transportation stress decreased redness and increased yellowness value of breast muscle in broilers (P < 0.05), and FSE supplementation tended to have (P = 0.06) or had the converse changes (P < 0.05). There was no interaction between FSE and TS for meat quality.
Oxidative and Anti-Oxidative Status of Breast Muscle
Interaction between FSE and TS was not found in MDA content (Figure 2) . The MDA content in breast muscle increased (P < 0.05) for birds challenged by TS, and decreased (P < 0.05) for birds fed with FSE supplementation.
The mRNA expression of avUCP in breast muscle was higher (P < 0.05) in birds subjected to TS than those without TS challenge (Figure 3) . The avUCP mRNA expression was not affected by FSE or the interaction between TS and FSE. Inhibition of DPPH radicals due to the scavenging ability in breast muscle of birds was decreased (P < 0.05) by FS and increased (P < 0.05) by FSE (Figure 4) . The DPPH radical scavenging ability was indicated by significant interaction between TS and FSE (P < 0.05).
Transport stress caused the decreases (P < 0.05) in T-AOC and GSH-P x activity of breast muscle, and the decreases were improved (P < 0.05) by FSE ( Figure 5 ). The SOD activity was increased for birds challenged by TS (P < 0.05), but not for birds fed diets containing FSE. Birds supplemented with FSE tended to have higher CAT activity (P = 0.07), and CAT activity was not affected by TS. There were no significant interactions between FSE and TS for antioxidant enzyme activities in breast muscle.
DISCUSSION
Pre-slaughter transport is an essential component of poultry processing industries . Detrimental effects of TS on welfare and meat quality of broilers result in substantial economic losses to poultry industries (Vosmerova et al., 2010; Chauvin et al., 2011; Xing et al., 2015) . The World Organization for Animal Health has recognized the importance of maintaining good animal welfare during transport as well as the fact that transportation is one of the most important pre-harvest variables with respect to meat quality and should be considered a critical control point (Speer et al., 2001; Broom, 2005) . Thus, the importance of improving meat quality by reducing TS is becoming widely recognized.
Live weight loss during the transport period is of particular economic importance in animal and meat production . In the present study, TS increased broilers BW loss, which agrees with findings of Sowinska et al. (2013) and Zhang et al. (2014) . According to Warriss et al. (1990) , losses in potential BW can be caused during transport by dehydration and mobilization of tissues to provide energy for maintaining the vital functions of the body. It seems that the benefits of FSE to poultry would be more obvious under stressful conditions (Zeng et al., 2014) . Expectedly, broilers fed diets supplemented with FSE showed Figure 5 . Effect of Forsythia suspense extract (FSE) on antioxidant enzyme activities in breast muscle of transported broilers. TS − = no transport stress; TS + = 3 h transport stress; FSE − = basal diet without FSE supplementation; FSE + = basal diet with 100 mg/kg FSE supplementation; T-AOC = total antioxidant capacity; SOD = superoxide dismutase; GSH-P x = glutathione peroxidase; CAT = catalase. Values represent the mean ± SE (n = 6 replicates per treatment). a,b Means with different superscripts differ significantly (P < 0.05).
a lower BW loss than those fed base diets when subjected to TS, indicating that FSE had a potential to alleviate live weight loss of birds during transportation. Serum corticosterone concentration is a sensitive parameter that reflects the stress levels of transported broilers (Zhang et al., 2009) . In this study, the chickens subjected to transportation showed a higher concentration of corticosterone in serum, indicating that these broilers experienced stress during transportation (Lèche et al., 2013) . It has been proved that a 3-hour transport increased bird plasma corticosterone concentration . Dietary FSE showed no positive effects on serum corticosterone concentration, just as previously reported that FSE had no significant effects on corticosterone concentration in serum for broilers under corticosterone challenge (Zeng et al., 2014) . Anaerobic glycolysis of muscle glycogen is enhanced when broilers experience TS (Savenije et al., 2002; Zhang et al., 2009 ), resulting in lactate accumulation and further muscle pH reduction (Khan and Nakamura, 1970) . In the present study, a higher lactate content in serum was accompanied with a faster pH decline of breast muscle in transported broilers, which is in agreement with some previous reports (Savenije et al., 2002; Zhang et al., 2009; Zhang et al., 2014) .
Breast muscle is more vulnerable to meat quality deterioration when birds are subjected to TS . During transportation, ROS levels increase dramatically, and any imbalance between production of these molecules and their safe elimination may culminate in oxidative stress, which damages the integrity of muscle cell membrane (Young et al., 2005; ArchileContreras and Purslow, 2011; Onmaz et al., 2011) . The loss of integrity in muscle cell membrane would affect the ability of biomembrane to function as a semipermeable barrier, contributing to exudative loss from meat (Buckley et al., 1995) . Changes in meat color are thus caused by oxidation of red oxymyoglobin to metmyoglobin, which gives the meat an unattractive brown color (Nerín et al., 2006; Adzitey and Nurul, 2011) . Lightness and redness were influenced by both pigment content and myoglobin forms, while yellowness was influenced mostly by myoglobin forms (Lindahl et al., 2001) . Oxidation of myoglobin would result in decreased redness and increased yellowness (El Rammouz et al., 2004) . Just as the present study showed, transport significantly increased the yellowness value of breast muscle accompanied with decreased redness value, which indicates the presence of oxidation of myoglobin. Similarly, Bianchi et al. (2006) showed a reduction in broiler breast meat redness with an increase in transportation time and distance. Conversely, dietary FSE supplementation significantly reduced yellowness value to normalization accompanied with the tendency to increase redness of breast muscle, indicating helping to relieve the oxidation of myoglobin and maintain breast meat color of transported broilers.
Stressful stimuli present during transport may increase levels of glucocorticoids and adrenaline-induced pathways of aerobic energy production, which induce free radical generation and may cause cellular damage by resulting in lipid peroxidation, protein oxidation, and DNA modification (Zablocka and Janusz, 2008; Nazifi et al., 2009; Est´evez, 2015) . Transportinduced lipid peroxidation can be directly reflected by the changes of muscle MDA concentration Perai et al., 2014) , because MDA is the end product of lipid peroxidation and can be used as indicator of oxidative stress (Lin et al., 2006; Liu et al., 2011) . In this study, oxidative stress was aroused by increased MDA concentration in breast muscle after transport, which is consistent with reports (Perai et al., 2014; Wang et al., 2015) . Treatment with FSE prevented the increase of MDA levels in breast muscle of birds, no matter whether under transportation or not, suggesting that lipid peroxidation associated with transport could be prevented by dietary FSE supplementation. The protective effects of FSE against MDA were consistent with studies conducted by Hou and Yang (2006) who found FSE decreased the heart MDA level in mice after exhaustive exercise and Wang et al. (2008) who stated FSE lowered MDA concentration of muscle in broilers under heat stress. According to the results, the significant changes in serum (corticoserone and lactate) and muscle (color and MDA) indicated that a successful oxidative model was established by transportation, and restoration to nearly normal levels of MDA by FSE may be due to an enhancement of antioxidant activity.
The avUCP is involved in the transcriptional program of adaptive thermogenesis, the control of ROS production, and protection against the cells from serious oxidative stressors (Criscuolo et al., 2005; Xu et al., 2011) . Mujahid et al. (2007) reported that overproduction of mitochondrial ROS in chicken skeletal muscle under heat stress might result from enhanced substrate oxidation and down-regulation of avUCP in a time-dependent manner. Xu et al. (2011) found that the up-regulation of avUCP reduced muscle ROS accumulation and lipid oxidation in gas-stunned broilers. In this study, we observed higher expression of avUCP in breast muscle of 3-hour transported broilers, but no decrease in MDA of muscle, which is consistent with the results of Zhang et al. (2010) and Wang et al. (2015) . It means that the up-regulation of avUCP in muscle may not effectively protect transport-induced broilers against the oxidation injury. Dietary FSE supplementation had no impacts on avUCP expression in spite of increasing DPPH radical scavenging activity and decreasing MDA in muscle. We thus speculated that the protective effects of FSE supplementation in transported broilers are mainly related to its beneficial effects for producing more radical scavenging activity and antioxidant activity to reduce muscle MDA rather than its altering avUCP gene expression.
Determining disappearance of free radicals such as DPPH is a rapid and stable method to assess the antioxidant activity of plant extracts (Samarth et al., 2007) . Obviously, in the study, transport decreased DPPH radical scavenging capability, and FSE exerted a remarkable DPPH scavenging ability towards normalization in broilers after transport. Several studies demonstrated the free-radical scavenging effects of FSE by measuring DPPH activity (Zhang et al., 2003a,b; Yang et al., 2004; Wang et al., 2008; Lu et al., 2010) , and this was further confirmed by measuring MDA, GSH-Px, and T-AOC activities in this study.
Under stressful conditions, higher production levels of free radicals are associated with changes in the scavenging capacity of antioxidant systems in the body (Lin et al., 2006; Azad et al., 2010) . The anti-oxidative status of muscles at the time of slaughter has been shown to be critical to meat quality (Jensen et al., 1998) . Generally, excessive oxidative radicals are eliminated by antioxidant systems, including non-enzymatic components and series of antioxidant enzymes. In the present study, SOD, GSH-Px, and CAT activity and T-AOC were assayed to determine the responses in enzymatic and non-enzymatic antioxidant systems, respectively. The activities of T-AOC and GSH-Px, contributing to sustaining a delicate oxidative balance in biological tissues exposed to stressful conditions (Halliwell, 1994) , in breast muscle were significantly decreased in broilers subjected to TS in this study. Similarly, Perai et al. (2014) reported a 3-hour transport significantly lowered the activity of plasma GSH-Px in broilers. Unexpectedly, TS increased SOD activity and had no effects on CAT activity in muscle, which was surprising and confusing. also reported that a 3-hour transport significantly increased activities of SOD in muscles of birds. In general, SOD catalyzes the dismutation of superoxide to hydrogen peroxide, which is then reduced to water and molecular oxygen by some peroxide-scavenging enzymes, such as CAT and GSH-Px (Finkel and Holbrook, 2000; Blokhina et al., 2003) . The inconsistent and non-coordinated activities of antioxidant enzymes may be due to the damage of antioxidant enzyme defensive systems induced by transportation.
Antioxidants are an important preventive measure against lipid oxidation in meat and meat products. Consequently, for the production of high-quality pork, a superior anti-oxidative status is required when birds undergo transportation. As hypothesized, dietary supplementation with FSE increased the production of muscle T-AOC and GSH-Px and tended to increase CAT activity, which indicates that dietary FSE supplementation could activate both non-enzymatic and enzyme antioxidant systems to protect boilers against transport-induced muscle lipid peroxidation.
Overall, transport stress accelerated muscle lipid peroxidation by increasing MDA production and decreasing radical scavenging activity and antioxidant activities. Increases in the activity of SOD and the upregulation of avUCP were insufficient to prevent muscle against transport-induced oxidative stress. Dietary supplementation with FSE elevated protective effects by directly scavenging free radicals and activating antioxidant capacity through both enzymatic and nonenzymatic antioxidant defensive systems. In view of FSE's good anti-oxidative and free radical scavenging properties, further research is warranted to investigate the effectiveness of dietary FSE supplementation as a potential natural antioxidant under more stressful conditions.
